The present strategy to identify infants needing treatment for retinopathy of prematurity (ROP) requires repeated examinations of at-risk infants by physicians. However, less than 10% ultimately require treatment. Retinal imaging by nonphysicians with remote image interpretation by nonphysicians may provide a more efficient strategy.
medicine system using digital retinal imaging to detect sightthreatening disease. The solution must deal with key screening principles. Such evaluations differ fundamentally from clinical examinations by physicians and must provide compelling evidence for a high likelihood of altering the natural history of the disease in a significant proportion of individuals evaluated. [7] [8] [9] In recent years, studies have evaluated the validity of retinal imaging to detect moderate to severe ROP. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, the sensitivities varied widely (33% 11 to 100% 10, 12, 14, [18] [19] [20] [21] ), as did the number of infants included (range, 10-1222 10, 18 ) and the primary outcome (plus disease 10 to suspect treatment requiring 18 ). Images for these studies were largely obtained by an ophthalmologist and were also graded by ophthalmologists. Given the current status of retinal imaging in ROP, the American Academy of Ophthalmology prioritized the need for "understanding …the place of digital wide-angle photography in the evaluation of at-risk infants." 22 Ells et al 12 introduced the term referral-warranted ROP (RW-ROP) in 2003 for use in telemedicine to describe eyes with ROP that had high-risk characteristics defined as plus disease, ROP in zone I, or stage 3 ROP or greater. Eyes with RW-ROP require careful ophthalmoscopic examination and many require treatment. This large multicenter, National Eye Institute-funded clinical study evaluated the validity of an ROP telemedicine system to detect eyes with RW-ROP. 23 We compared remote evaluations of digital images to the findings of a criterion-standard indirect ophthalmoscopic examination performed by experienced ophthalmologists.
Methods

Eligibility
Infants with birth weight (BW) less than 1251 g meeting current ROP screening guidelines in 12 US centers and 1 Canadian center were included in the study. Exclusion criteria were postmenstrual age greater than 39 weeks at first opportunity for imaging unless transferred in for ROP treatment, admission to a neonatal intensive care unit (NICU) with regressing or treated ROP, significant media opacity precluding visualization of the retina, or major ocular or systemic congenital abnormality. The protocol and informed consent processes were approved by the institutional review boards of the participating study centers. Written informed consent was obtained for all participants.
Procedures
Infants underwent serial ROP imaging in both eyes using the RetCam Shuttle (Clarity Medical Systems), in addition to a standard diagnostic examination by study-certified ophthalmologists experienced in diagnosing ROP. The diagnostic examination results were classified as having clinical findings consistent with RW-ROP: zone I ROP, stage 3 ROP, or plus disease. The imagers were masked to the results of the examination and the physicians were masked to images and subsequent grading. The timing of diagnostic examinations was determined by local clinical center criteria for usual clinical care and imaging sessions began at 32 weeks' postmenstrual age. To prevent bias in terms of adverse events, the order of imaging and examinations alternated. Imaging was conducted by 25 nonphysician studycertified personnel including NICU nurses (44%), neonatal nurse practitioners (24%), ophthalmic photographers (8%), an ocular coherence tomography technician (4%), an ophthalmic medical technologist (4%), and individuals with nonclinical backgrounds (16%). All participated in classroom and hands-on instruction in taking retinal images in infants and selecting and uploading images to the Inoveon ROP Data Center server in Oklahoma City, Oklahoma. Imagers were certified after submission of quality prestudy image sets and passing a knowledge assessment test.
Images were obtained for each eye using the video mode with a 130°wide-field imaging system. The imager selected still frames for a standard 6-image set consisting of the pupil and 5 retinal fields, with optic disc central, nasal, temporal, superior, and inferior.
Demographic data and the medical status of the infant before, during, and after each session were collected. Surveillance for ocular and systemic complications and other adverse events was conducted.
The paired diagnostic examinations and imaging sessions continued as clinically indicated until the examining ophthalmologist noted any of the following: mature retinal vessels, immature zone III on 2 occasions at least 7 days apart, ROP regressed or regressing on 2 occasions at least 7 days apart, treatment for severe ROP, or the infant reached 40 weeks' postmenstrual age with no ROP or only stage 1 or 2 ROP.
Image Grading Image Selection for Grading
Trained readers graded all images from 242 infants who developed RW-ROP based on the diagnostic examination. Approximately 80% of infants were not expected to develop RW-ROP; therefore, a random sample of 613 infants (60.5%) who never developed RW-ROP was selected a priori. All image sets from this selected subsample of infants (n = 242 + 613 = 855) were graded by the trained readers. A random sample of 200 of these 855 infants was also graded by expert readers (eFigure in the Supplement).
Statistical Considerations Sample Size
The sample size was determined by the need to have half width of the 95% CI of sensitivity within 5%. Assuming sensitivity between 80% and 95%, approximately 250 infants with RW-ROP were needed for the study.
Sensitivity/Specificity Analysis
At the same session, we compared the RW-ROP finding (positive, negative, or indeterminate) from evaluation of an image set to findings of the diagnostic examination consistent with RW-ROP (presence, absence, or indeterminate). Sensitivity and specificity of image grading of detecting RW-ROP were calculated by using the results of the diagnostic examination as the criterion standard. Eyes with indeterminate status in the diagnostic examination were excluded from the sensitivity/ specificity analysis. When the image set did not provide sufficient information for determining RW-ROP status, the eye was scored as RW-ROP positive in sensitivity/specificity analysis because the primary aim of this study was to determine whether referral for a diagnostic examination was warranted.
We included only 1 session of digital image/diagnostic examinations from each eye in the primary analysis (singlesession-per-eye analysis). For sensitivity calculation, the session when the diagnostic examination first identified RW-ROP was used, while a random session was chosen for each eye that did not develop RW-ROP for the specificity calculation.
Sensitivity was calculated as the proportion of RW-ROPpositive image gradings when examination indicated RW-ROP presence, and specificity was calculated as the proportion of RW-ROP-negative image gradings when examination indicated RW-ROP absence. The 95% CIs for sensitivity and specificity were calculated, with intereye correlation adjusted by generalized estimating equations 24 using the sandwich robust estimate of variance. 25 The prespecified subgroup analyses of sensitivity/specificity were performed by birth weight, gestational age (GA), and image quality. Secondary analyses of sensitivity/specificity were conducted at the infant level by comparing the presence or absence of RW-ROP on examination vs RW-ROP positive/negative status from image grading at 1 selected session (single-session-per-infant analysis) and any sessions (any-session-per-infant analysis). The sensitivity and specificity for detecting the infants who underwent ROP treatment were also calculated based on the last session before treatment (last-session-per-infant analysis).
For per-infant analysis, the negative predictive value (NPV) and the positive predictive value (PPV) were calculated based on their corresponding sensitivity, specificity, and the observed rate of RW-ROP. All the statistical analyses were performed using SAS version 9.3 (SAS Institute Inc).
Results
Population and ROP Status
A total of 1284 infants with BW less than 1251 g were enrolled from May 25, 2011, through October 31, 2013 (eFigure in the Supplement). Twenty seven (2.1%) were discharged prior to a diagnostic examination. Table 1 provides the characteristics of 1257 study infants who completed at least 1 diagnostic examination. The mean BW was 864 g and mean GA of 27 weeks. Most infants had BW less than or equal to 1000 g including 34.1% of infants with BW of 750 g or less and 36.2% with BW from 751 to 1000 g. About half had GA of less than 27 weeks (51.9%) and few infants had GA of 31 weeks or greater (5.9%). More than half were Abbreviations: ROP, retinopathy of prematurity; RW, referral-warranted. a Among those infants with RW-ROP.
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Telemedicine for Evaluating Acute-Phase ROP non-Hispanic white, 29.3% black, and 49.2% female; 63.0% were born at the enrolling clinical center and 29.8% were multiple births, of which 84.3% were twin births. Among 1257 infants who had eye examinations, the mean (SD) number of examinations per infant was 3.4 (2.1) (median, 3; range, 1-12) and 40% had 4 or more examinations. The median interval between examinations was 9 days (range, 1-54 days), with 11% of examinations within 1 week and 88% within 2 weeks.
At least 1 imaging session was conducted in 1241 infants. The mean (SD) number of imaging sessions per infant was 3.2 (2.0) (median, 3; range, 1-12) and 36% had 4 or more imaging sessions.
Among the 5520 image sets selected for trained reader grading, a total of 27 600 possible individual retinal images were evaluated for availability and image quality. Among these images, 3% were missing, 91% were adequate quality, and 6% were poor quality.
Retinopathy of prematurity was noted on examination in 801 infants (63.7%) ( Table 1) . Clinical findings consistent with RW-ROP were noted in 1 or both eyes of 244 infants (19.4%) and were bilateral in 87.8% of infants. The presence of RW-ROP could not be determined for only 2.4% of infants. Clinical findings consistent with RW-ROP were detected in 458 eyes (18.2%), most frequently owing to stage 3 or worse alone (48.5%) or in combination with zone I ROP and/or plus disease (33.6%; Table 2 ). All 3 components (plus disease, zone I ROP, and stage 3 ROP) were rarely present (3.3%).
Comparison of Results From Examination and Imaging Grading
Among the 5520 pairs of diagnostic examinations and image gradings, their RW-ROP status was in agreement in 78.6% ( Table 3 ). In the 813 pairs (14.7%) with RW-ROP findings on diagnostic examination, image grading by trained readers detected 1 or more of the components of RW-ROP in 77.7% of image sets, while in 19.8%, the image grading did not detect RW-ROP and 2.5% were indeterminate. In the 4648 pairs without RW-ROP on diagnostic examination, trained readers agreed in 3703 image gradings (79.7%), while in 854 pairs (18.4%), trained readers detected findings consistent with RW-ROP. In 91 pairs, RW-ROP status was indeterminate.
Sensitivity and Specificity for RW-ROP
When image sets for a single session were graded by the trained readers and compared with the results of diagnostic examinations (1709 image sets in which the first session when RW-ROP findings were diagnosed were used and a random ses- b For infants with RW-ROP, the images from the session when diagnostic examination first identified RW-ROP were used. For infants without RW-ROP findings on any diagnostic examination, a random image session was selected. c RW-ROP status could not be determined in 2 eyes based on the diagnostic examination and were excluded from analysis, and 2 eyes did not have images taken (while their fellow eye did have images) in the randomly selected session. d Comparison of an infant who ever had RW-ROP (yes or no) from results of all sessions vs ever had RW-ROP (yes or no) from diagnostic examination results of all sessions, irrespective of whether the RW-ROP from image grading and diagnostic examination was at the same session. Nineteen infants with RW-ROP status unknown in either eye were excluded. e 2 infants with RW-ROP status unknown in either eye at selected session were excluded.
sion for infants without RW-ROP), the sensitivity for detection of RW-ROP was 81.9% (95% CI, 77.4-85.6), with a specificity of 90.1% (95% CI, 87.9-91.8) ( Table 4) . As shown in Table 4 , when both eyes of the infant were considered, as would routinely be done in a clinical setting, the sensitivity for RW-ROP was 90.0% (95% CI, 85.4-93.5), with specificity of 87.0% (95% CI, 84.0-89.5), NPV of 97.3%, and PPV of 62.5% at the RW-ROP prevalence rate of the study (19.4%).
When RW-ROP results from any session of image grading and diagnostic examination were paired for the infant, the sensitivity increased to 97.1% (95% CI, 94.0-98.6). Specificity for this comparison was 75.9% (95% CI, 72.2-79.1), NPV was 99.1%, and PPV was 49.2%.
We also calculated the sensitivity and specificity of this telemedicine system to detect RW-ROP in infants who underwent treatment in 1 or both eyes. When the last session before treatment was analyzed, sensitivity was 98.2% (95% CI, 94.4-99.4), with specificity of 80.2% (95% CI, 77.0-83.0), NPV of 99.6%, and PPV of 44.3% at a 13.8% treatment-requiring ROP rate. Only 3 of 162 infants treated by clinical center ophthalmologists did not have RW-ROP detected on the last image grading before treatment. On diagnostic examination, 1 infant had zone I stage 3 disease in both eyes and another 2 infants had plus disease in both eyes.
Expert and trained readers independently graded a random sample of 1312 image sets from 100 infants with RW-ROP and 100 without RW-ROP. Using all 1312, expert readers had a lower sensitivity of 85.9% (95% CI, 80.8-89.8) compared with 91.4% (95% CI, 86.1-94.8) for trained readers and a lower specificity of 56.5% (95% CI, 51.9-61.0) vs 73.3% (95% CI, 67.6-78.3) for detecting an eye with RW-ROP.
Timing of RW-ROP Detection on Image Grading
The timing of the detection of RW-ROP was compared between the image grading and diagnostic examination. In 87.5% of the cases (391 of 447), RW-ROP was detected on image grading before or at the same examination that documented RW-ROP findings. Referral-warranted ROP was detected on image grading an average (SD) of 15 (11) 
Sensitivity and Specificity by BW, GA, and Image Quality
In the single-session-per-eye analysis, sensitivity of RW-ROP detection decreased with increasing BW (Table 5 ). This pattern was not observed for GA.
The quality of the images submitted was important. When all 5 retinal images were judged to be of good or acceptable image quality by trained readers, the sensitivity was 84.7% compared with 68.0% when 4 or fewer images were of good or acceptable quality. Specificity for this comparison was similar.
Discussion
The e-ROP Study results provide strong support for the validity of using a telemedicine system consisting of trained nonphysician imagers and readers to detect RW-ROP in infants at risk. When image-set grading of an eye was compared with the results of its paired diagnostic examination, the sensitivity for detection of RW-ROP was 81.9%, with a specificity of 90.1%. When both eyes of an infant were considered, the sensitivity increased to 90.0%, with specificity of 87.0%, NPV of 97.3%, and PPV of 62.5% at the observed RW-ROP rate of 19.4%. Importantly, among infants treated for ROP, the sensitivity of image grading increased to 98.2%.
Among the strengths of the e-ROP Study is the successful use of nonphysician imagers. The imagers were trained to capture standard image sets for grading by nonphysician trained readers using a standard grading protocol. The diagnostic ex- aminations were performed by ophthalmologists with extensive ROP experience. Furthermore, we elected to have the results of nonphysician trained readers as the primary outcome measure because, as in other retinal disorders, 26,27 we confirmed in this study that dedicated and trained readers would perform at least as well as ophthalmologist experts and their availability was likely to be higher and sustained. Standardized imaging and grading protocols improve the generalizability of this ROP telemedicine system. This study was limited by the difficulty of comparing image grading results with a criterion standard with known inherent variability.
28,29 Among eyes judged at treatment level by the first examiner in the Cryotherapy for ROP Trial, there was disagreement on a second confirming examination in 12% of the cases. 6 Other studies have highlighted the variability in diagnosing plus disease and disease zone among ophthalmologist examiners.
30-33
This variability across examiners may well help explain some of the false-positive and false-negative cases documented on image grading in the current study. In addition, the e-ROP Study limited enrollment to infants at high risk (ie, BW < 1251 g) and may not be generalizable to all infants eligible for ROP examinations. Furthermore, the e-ROP Study was not designed to assess the time to reporting results to the clinical center or to provide rapid feedback requesting additional images when image quality was poor. Sensitivity improved substantially with better image quality so efforts to improve image quality are warranted. One of the most important factors to consider in evaluating telemedicine systems for ROP is how many infants with serious ROP might be missed. In this study with a RW-ROP rate of 19.4%, we found the NPV was high (97.3%). Despite this high NPV, if implementing such a system for clinical care, there will be a small number of infants in whom image grading does not detect RW-ROP and who are at risk for progression to blindness. What safeguards need to be in place for such infants? One might consider a more frequent imaging schedule than used in this study that mimicked current clinical care or also consider adding other algorithms, such as early weight patterns in predicting ROP risk, 34, 35 to determine those infants at highest risk.
Adopting a telemedicine system approach in ROP is influenced by factors other than validity including the availability of ROP specialists, the number of examinations required per week, and the prevalence of RW-ROP in a NICU. Licensing and liability issues must be dealt with, as well as establishing a consistent and reliable reading center. Procedures to address poor image quality are needed. Parental and NICU staff acceptance of a screening program that replaces a physician diagnostic examination with nonphysician imaging needs further assessment.
Conclusions
The results of this study provide important information about the validity of the e-ROP telemedicine system in managing ROP as we move forward to address the broader use of digital retinal imaging in NICUs in the United States and other regions in the world.
